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The near electric field enhancement around plasmonic nanoparticles (NPs) is very important for applications like surface
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enhanced spectroscopies, plasmonic dye‐sensitized solar cells and plasmon‐enhanced OLEDs, where the interactions occur
close to the surface of the NPs. In this work we have calculated the near‐field enhancement around solid and core‐shell alloy
NPs as a function of their geometrical parameters and composition. We have found that the field enhancement is lower in
the AuxAg1–x alloys in comparison to pure Ag NPs, but it is still high enough for most near‐field applications. The higher order
modes have a stronger influence over the near‐field due to a sharper spatial decay of near electric field with the increase of
the order of multipolar modes. For the same reason, in AuxAg1–x@SiO2 core‐shell structures, the quadrupolar mode is
dominant around the core, whereas the dipolar mode is predominant around the shell. The LSPR modes can have different
behaviours in the near‐ and the far‐field, particularly for larger particles with high Ag contents, which indicates that caution
must be exercised for designing plasmonic nanostructures for near‐field applications as the variations of the LSPR in the
near‐field cannot be inferred from those observed in the far‐field. These results have important implications for the
application of gold‐silver alloy NPs in surface enhanced spectroscopies and in the fabrication of plasmon‐based
optoelectronic devices like dye‐sensitized solar cells and plasmon‐enhanced organic light‐emitting diodes.

Introduction
Despite the use for several centuries,1 noble metal
nanoparticles (NPs) are being studied actively nowadays due to
their interesting optical properties and promising technological
applications. Optical properties of those structures are
dominated by the localized surface plasmon resonance (LSPR),
a phenomenon produced by the collective oscillation of
conduction electrons in resonance with the incoming light. The
frequency of the LSPR (ωLSPR) is sensitive to various parameters,
such as the size, shape, surrounding medium and composition
of the nanoparticle.2 When a plasmonic nanoparticle is excited
with radiation of frequency ωLSPR, the electric field close to the
nanoparticle is increased (near‐field) and the light is absorbed
and/or scattered (far‐field).3 This localized electric field
enhancement is responsible for phenomena such as surface‐
enhanced Raman scattering (SERS),4,5 surface‐enhanced
fluorescence,6–8 and/or plasmonic resonance energy transfer,9
which can be used in applications such as chemical and
biological sensing10,11 and thermal treatment of cancer cells.12
Plasmonic NPs are also useful for improving the efficiency of
solar cells13,14 and other optoelectronic devices.15,16 For some
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applications, such as in dye‐sensitized solar cells (DSSCs), it is
important to isolate the metal NPs with dielectric materials, like
SiO2 or TiO2, to prevent corrosion17 or the recombination of
photogenerated charge carriers.13 Dielectric coatings around
plasmonic NPs introduce modifications in the near electric
field,18 modulating the position and intensity of surface
plasmon absorbance band.19,20 These adjustable optical
properties in metal@dielectric core‐shell structures makes
them attractive for utilization as supporting matrix for
fluorophores21,22 and fabrication of tuneable luminescent
devices.23 However, one of the most attractive applications of
plasmonic NPs is for improving light emission in organic light‐
emitting diodes (OLEDs). OLEDs are being considered as next‐
generation display devices due to their low‐cost, mechanical
flexibility, and amenability to large‐area fabrication based on
printing techniques.24 Nearly 100% internal quantum efficiency
has been achieved for these devices25 but their external
quantum efficiency (EQE) is severely damped by the poor light
extraction.26 Considerable improvements in light extraction
have been reported using the LSPR of plasmonic NPs like
silver27,28 and gold.29
Gold and silver have distinct plasmonic properties: the latter
has a stronger and narrower absorption band than the former,
but it is prone to oxidation, even at room temperature (RT),
whereas gold is chemically stable at RT. AuxAg1–x alloys are an
interesting option to overcome this problem because they can
combine the best of both metals: an intense LSPR with a good
chemical stability. Therefore, recent research interests have
turned to the fabrication of gold‐silver alloy NPs for applications
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Calculations and Theoretical Considerations
Near electric fields for solid and core‐shell alloy NPs were
calculated for an incident plane wave propagating along z‐
direction and polarized in x‐direction, Ei = E0 exp[ikzcos()]êx
(Fig. 1). The layer l can be defined by its size parameter
xl = 2nmrl/ and a relative refractive index ml = nl/nm, where 
is the wavelength of the incident wave in vacuum, rl and nl,
l = 1, 2, …, L, are the radius and complex refractive index of each
layer, respectively. For the core‐shell structures analysed in this
work, we have used the indices c and s for the alloy core (l = 1)

and the SiO2 shell (l = L = 2, ns = 1.5242), respectively, and nm is
the refractive index of the surrounding medium (water,
nm=1.33543). Complex refractive indexes (nc) of AuxAg1–x were
taken from the work of Peña‐Rodríguez et al.38
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Figure 1. Schematic representation of a core@shell NP. rc and rs are the core and
shell radii, respectively, and ts is the thickness of the shell.

The electric field at any point can be expressed as the
superposition of inward (Ein) and outward (Eout) sets of spherical
wave functions. The electric fields, Ein and Eout can be expressed
in terms of complex spherical eigenvectors39:

E in   En cn( l ) M (o11)n  i d n( l ) N (e11)n 

(1),

E out   En i an( l ) N (e31)n  bn( l ) M (o31)n 

(2),



n 1


n 1

( j)

( j)

where En = inE0(2n + 1)/n(n + 1), Mo1n and Ne1n (j = 1, 3) are the
vector spherical harmonics and the superscripts denote the kind
of Bessel function (explicit expressions can be found elsewhere,
for instance in the book by Bohren and Huffman44). Now, the
electric and magnetic fields in each layer can be calculated by:
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M e(11)n  i cn( l ) N o(11)n  i bn( l ) N o( 31)n  an( l ) M e( 31)n  (4),

where  is the angular frequency of the incident wave and µ the
magnetic permeability of l region. The expansion coefficients
an(l ) , bn(l ) , cn(l ) and d n(l ) are obtained by matching the tangential
components of the electromagnetic fields at each interface.44
Therefore, the expressions for expansion coefficients are45:

anl  

Dn(1) ml xl T1 ml 1 xl   T3 ml 1 xl  ml ml 1
 n ml xl Dn(1) ml xl   Dn(3) ml xl 

(5),

bnl  

Dn(1) ml xl T2 ml 1 xl  ml ml 1  T4 ml 1 xl 
 n ml xl Dn(1) ml xl   Dn(3) ml xl 

(6),

cnl  

Dn(3) ml xl T2 ml 1 xl ml ml 1  T4 ml 1 xl 
 n ml xl Dn(1) ml xl   Dn(3) ml xl 

(7),
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in sensing,30 SERS,31 photocatalysis,32–35 and DSSCs.36 For
application in OLEDs, nanoparticles of Au‐Ag alloys might prove
advantageous over their monometallic counterparts, as their
LSPR can be tuned across a large region of the visible spectrum,
which has not been explored yet.
Finally, it should be noted that the light emission gains
produced by the introduction of plasmonic nanostructures is
not assured because there are two competing processes: (i) the
spontaneous emission enhancement due to the coupling
between the LSPR and the excitons in the emitting layer and (ii)
the exciton quenching and light absorption by the plasmonic
structures. Therefore, the environment in which noble metal
nanostructures incorporate with emissive molecules in OLEDs
should be optimized to maximize radiative enhancement by
coupling between excitons and surface plasmons.28
Metal@dielectric core‐shell structures are and easy and
effective way of enhancing the EQE by controlling the distance
between the luminescent molecule and the plasmonic
nanoparticle. Before the use of plasmonic alloys nanostructures
for this purpose becomes a reality, theoretical simulations are
required to develop an in‐depth understanding of the linear
optical properties of alloy and core@shell type plasmonic
structures. Likewise, it is necessary to understand the
dependence of the near‐field enhancements on the geometrical
parameters of the nanostructures and the relation between the
near‐ and far‐field spectra. Only then it will be possible to design
and fabricate NPs suitable for SERS, DSSC, OLEDs and other
optoelectronic applications.
Calculation of the near‐field enhancements is relatively easy
for core‐shell structures37 but unavailability of reliable optical
data sets has greatly limited those simulations for AuxAg1–x
alloys because they either do not reproduce well the
experimental results or their validity is dubious in some cases.
However, the optical constants for AuxAg1–x alloys have been
systematically determined recently38 for various compositions,
which can be used to simulate the optical properties of alloy
NPs, reproducing accurately existing experimental results. In
this work, we have calculated the near electric field around solid
(AuxAg1–x) and core‐shell (AuxAg1–x@SiO2) spherical NPs as a
function of their composition (from x = 0 to x = 1), core radius
(from 1 to 100 nm) and shell thickness (from 0 to 50 nm) using
scattnlay 2.0,39 a computer implementation based on Mie
theory.40 For all the samples, the fourth‐power of near electric
field was calculated to evaluate their applicability as SERS
substrate.41
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Dn( 3) ml xl T1 ml 1 xl   T3 ml 1 xl  ml ml 1
 n ml xl Dn(1) ml xl   Dn( 3 ) ml xl 

(8),

where

T1 ml 1 xl   anl 1  n ml 1 xl   d nl 1 n ml 1 xl 

(9),

T2 ml 1 xl   bnl 1  n ml 1 xl   cnl 1 n ml 1 xl 

(10),

T3 ml 1 xl   d nl 1 Dn(1) ml 1 xl  n ml 1 xl 

 anl 1 Dn( 3) ml 1 xl  n ml 1 xl 

T4 ml 1 xl   bnl 1 Dn(1) ml 1 xl  n ml 1 xl 

 cnl 1 Dn( 3) ml 1 xl  n ml 1 xl 

 L 1

(11),

(12),

 L 1

and cn  d n  1 (L+1 refers to the region outside the
particle, where EM waves are strictly equal to the incident field),
an L 1  an , bn L1  bn (an and bn are the scattering coefficients),
Dn1   n,  n and Dn3    n,  n , where ψn and ζn are the
Riccati–Bessel functions.
We have analysed the effects of alloy composition, core size,
and shell thickness on near‐field enhancements for bare and
core‐shell alloy NPs. SERS enhancement factor of plasmonic
nanostructures is proportional to the fourth power of the near‐
field enhancement (|E|4/|E0|4);41 consequently, we have used
this quantity to represent the field enhancement. Results are
presented in terms of the maximum electric field,
max(|E|4/|E0|4) = |Emax|4/|E0|4, around the surface of the alloy
core and silica shell (Fig. 2). Near‐field was calculated 0.5 nm
away from the surface (see the discontinuous circumference in
the inset of Fig. 2d) using an angular resolution of 0.5 degrees.
The distance of 0.5 nm from the surface was used in order to
avoid the instability of the electric field at the interface of two
media and taking into account the common interaction distance
between the adsorbed analyte and SERS substrate. Calculations
were performed from 300 nm to 1000 nm, with resolution of
0.5 nm. Although the near‐field (NF) and far‐field (FF) optical
properties of AuxAg1–x alloy cores with Au molar fractions xAu = 1
(pure Au), 0.92, 0.85, 0.76, 0.65, 0.52, 0.34, 0.26, 0.15, and 0
(pure Ag) were calculated, only the results of representative
compositions are presented.

Results and discussion
Extinction efficiency (Qext) and fourth‐power of near electric
field (|E|4/|E0|4) in the surroundings of a bare AuxAg1–x alloy
nanoparticle are depicted in Figure 2, for small (R = 20 nm) and
large (R = 60 nm) structures, to compare the features of both
properties. For the smaller particle (Figs. 2a and 2c), the
intensity of localized surface plasmon resonance, both in the FF
and the NF, as a function of xAu first decreases down to around
the composition with 85% of gold, and then increases. Finally,
the LSPR position shows a quasi‐linear dependence on xAu (inset
of Fig 2c). This linear dependence of the LSPR position on xAu has
also been observed experimentally by other authors.33,46–49 To
understand this effect we must consider that gold and silver are

quite similar in their electronic structures50,51 so that it can be
expected that the band structure as such will be preserved
throughout the alloy system. On the other hand, the energy
threshold for interband transitions between s‐ and d‐ bands is
quite different, at ~2.4 eV and ~4.0 eV for gold and silver,
respectively.52 The electrons that constitute the surface
plasmon (s‐band electrons) can give their energy to promote
electronic transitions, which considerably redshifts the LSPR.46
The energy gap between the d‐bands and the Fermi level is
linearly reduced with the increase of the gold fraction, resulting
in the observed linear dependence.
Two competing factors might be responsible for the
aforementioned variations in intensity. Firstly, the bandgap
reduction increases the interaction between the plasmon and
the interband transitions of the alloy, producing a strong
damping and broadening of the LSPR band and decreasing its
intensity.53,54 On the other hand, distortions of metal lattice due
to the presence of two types of metal atoms affect the electron
mobility in alloy particles,54,55 which in turn affects the
oscillation of plasma electrons and produces a quadratic
dependence of the damping constant.38 Maximum damping
occurs for nearly‐equal concentration of the component
metals.38,55 A combination of both effects can yield the
observed changes in the intensity and width of LSPR with the
shift of maximum damping for higher gold concentrations. This
nonlinear dependence of the LSPR intensity on xAu agrees well
with reported experimental results,46 with certain deviation due
to the size dispersion and/or uncertainty in the determination
of alloy composition experimentally.
For the larger particle (Figs. 2b and 2d), the situation is
further complicated by the damping of the LSPR due to size
effects (red‐shift of the LSPR, and production of higher order
modes) but the main mechanisms are essentially the same. It
should be noted that in all cases the nonlinearity of the damping
constant, , relative to xAu does not significantly influence the
LSPR position as the real and imaginary parts of the complex
dielectric function ( = ’ + i ’’) in the Drude mode, defined as
’ =  – p2/(2 + 2) and ’’ = p2 / (2 + 2), are almost
independent of  around the LSPR frequency ( >>  .44
The maxima of the different multipolar modes depicted in
Fig. 2 are not in the same geometrical position. The maximum
of the dipolar mode is located in the X axis (i.e., parallel to the
polarization of the incident wave) but the same is not true for
the quadrupolar, and octupolar modes, whose maxima are
located at 45° and 60° with respect to the X axis, respectively,
as depicted in the inset of Fig. 2d. From the |E|4/|E0|4 spectra
plotted just below the corresponding extinction spectra
(Figs. 2c and 2d), it can be seen that the maximum near‐field
enhancement is located at a longer wavelength with respect to
that of the extinction efficiency (i.e., the far‐field).
Furthermore, the relative intensities of different multipolar
modes are quite different in the NF compared to FF. Let’s take
as an example a 60 nm Au0.15Ag0.85 NP (blue lines, Fig. 2c and
2d). The intensity of its quadrupolar mode in the NF is almost
twice (16 times for the fourth power) that of dipolar mode
(Fig. 2d); whereas they are very similar in the FF (Fig. 2b). This
behaviour can be explained by considering the variation in the
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electric field decay rates: for higher modes the reduction of the
electric field with distance (r) from the particle’s centre is larger.
For example, the electric field decay is proportional to r–3 for the
dipolar mode, r–4 for the quadrupolar and so on. Therefore,
precautions must be taken when selecting plasmonic NPs for
use in near‐field applications based on results obtained from
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Maximum absorption efficiency ( Qabs ) and field
enhancement |Emax|4/|E0|4 around AuxAg1–x NPs are plotted
against NP radius (from 1 to 100 nm) in Figs. 3a and 3b,
respectively. Each step observed in the “leapfrog” behaviour in
the intensity of both Qabs and |Emax|4/|E0|4 is related to a
multipolar mode, and the discontinuities in the plots of LSPR
wavelength vs. radius (insets of Figs. 3a and 3b) come from the
changes in the relative intensity of different modes. Both
max
quantities, Qabs and |Emax|4/|E0|4 follow similar trends, with a
global maximum corresponding to the dipolar mode for a
specific radius. This radius increases proportionally to the gold
fraction in the alloy particles, which also increases the offset
between the maxima of the Qabs and |E|4/|E0|4 peaks. As can
be seen from the plots of LSPR position versus radius (insets of
Figs. 3a and 3b), the maximum of the Qabs peak gets marginally
red‐shifted with increasing NP radius whereas the red‐shift of
|Emax|4/|E0|4 is substantial (the scattering efficiency, not
shown, is also considerably shifted). For example, the position
max
of Qabs for Au NPs shifts from 520 nm to 550 nm with the
increase of particle radius, whereas |Emax|4/|E0|4 shifts from
540 to 660 nm. This is because both, |Emax|4/|E0|4 and the
scattering efficiency are strongly dependent on the damping
constant, which increases with NP radius due to the retardation
effect of depolarization field3 and also with the distortion of the
metal lattice of the alloy NPs. Ag‐rich NPs have very similar shifts
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for Qabs and |Emax|4/|E0|4, probably due to weak dependence
of the latter quantity on .
The variation of field enhancement |Emax|4/|E0|4 around
the core (solid line) and around the shell (dashed line) with the
radius of core particle (RC, from 1 to 100 nm) for two shell
thicknesses (ts = 15 nm and 30 nm) of the alloy‐core@SiO2‐shell
nanoparticles (CS‐NP) are presented in Figure 4. It can be seen
that for some core radii the maximum electric fields around the
shell and the core have contributions of modes of different
order. For example, the maximum electric field near the core of
Ag@SiO2 NP with RC = 30 nm and ts = 30 nm is due to the
quadrupolar mode, but the maximum near the shell for the
same NP comes from the dipolar mode (Fig. 4 and its inset). This
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To better understand the effects of silica shell on the optical
properties of AuxAg1–x alloy NPs, |Emax|4/|E0|4 is plotted against
shell thickness (ts = 0 to 50 nm) for a small (RC = 20 nm) and a
large (RC = 60 nm) particle in Figs. 4b and 4d, respectively.
Compared to the case of bare NP, the electric field near the
surface of the core of a CS‐NP with small shell thickness remains
essentially the same, except that it is a bit less intense.
However, we can see from Figs. 4b and 4d that the electric field
close to the core increases asymptotically up to a constant value
(black dashed lines) with increasing shell thickness. Close to the
core the electric field is slightly more intense for the NP with a
thicker silica shell than for of a bare NP with similar dimensions,
due to the increase of the dielectric function around the core.
The near electric field intensity at the shell surface decreases
with shell thickness due to the increase of distance from the
core. However, the position of the electric field maximum varies
only marginally with shell thickness (insets of Figs. 4b and 4d).
The energy difference (wavelength shift) between the electric
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is the consequence of the different relations of the field
intensity with the propagation distance for each mode (as
previously discussed); i.e., a multipolar mode can be more
intense than a lower order mode close to the core whereas the
opposite can be true for the shell. Moreover, it can be seen in
Figs. 4a and 4c that regardless of the alloy composition, the
maximum enhancement around the core decreases with
increasing core radius; but the opposite is true for the maximum
enhancement around the shell. It can be noted that the
|Emax|4/|E0|4 near the shell of an Ag@SiO2 NP with RC > 50 and
ts = 15 nm is more intense than that of a CS‐NP of metal alloy
core with xAu > 0.52 of similar geometry.
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decreases a bit from 6.4×104 to 5×104 (21 %, Fig. 5c), and it
suffers a red‐shift with the new maximum located at 445 nm.
However, the field associated to the quadrupolar mode
enhances from 2×105 to 3.5×105 (75 %), suffering a red‐shift to
390 nm (Fig. 5d). The electric field enhancement decays rapidly
by several orders of magnitude just a few nanometres away
from the core, indicating that the analyte molecules must reside
very close to the core surface in order to obtain the maximum
response in SERS applications.
The distribution of the oscillating conduction electrons inside a
metal NP is more homogeneous when it is excited at the
dipolar‐mode wavelength (Figs. 5a and 5c) rather than at the
quadrupolar‐mode wavelength (Figs. 5b and 5d) because the
electrons oscillate away from the centre for the latter case. The
same is true for all the higher‐order modes. The asymmetry of
spatial distribution of electric field in the plane of incidence is
due to the opposite direction of entrance of the field lines (into
the NP) with respect to the direction of excitation light.56

field maxima of the core and the shell differs for different
compositions of the core. While for a core with high silver
content the difference is virtually zero, the difference is
maximum for the core with composition Au0.5Ag0.5. In addition,
the modes exhibiting the maximum field enhancement can be
swapped as the shell thickness increases, which is illustrated in
the discontinuities observed in the inset of Fig. 4d. For instance,
the maximum field near the core of an Au0.52Ag0.48@SiO2 NP
corresponds to a dipolar mode (Rc = 60 nm, ts < 10 nm) but
changes to quadrupolar for thicker shells (ts > 10 nm).
Near electric field distribution maps are shown in Figure 5
for a bare silver NP (Rc = 30 nm; ts = 0 nm) and a core‐shell
structure (Rc = 30 nm; ts = 15 nm). In the former case the near‐
field spectrum has two maxima, the larger one (the quadrupolar
mode) is located at 379 nm (Fig. 5b), whereas the smaller (the
dipolar mode) is located around 428 nm (Fig. 5a), being the
latter three times less intense than the former. When the bare
nanoparticle is capped with a dielectric shell, the electric field
enhancement near the core associated to the dipolar mode
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Figure 6. Polar plots of the near electric field distribution around a bare nanoparticle (computed at a distance of 0.5 nm from its surface) of (a, b) 15 nm, (c, d) 30 nm,
and (e, f) 60 nm radius. Left column is for the XY plane and the right one is for the XZ plane. The analysed compositions (AuxAg1–x) and the wavelength of the maximum
|Emax|4/|E0|4 are indicated in the figure.
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Polar plots of the maximum field enhancement around the
surface of bare AuxAg1–x NPs are depicted in Figure 6 (left and
right columns represent the XY and XZ planes, respectively). It
can be seen that for a small nanoparticle (Fig. 6a and 6b,
R = 15 nm) the maximum field enhancement is predominantly
dipolar and that for alloy NPs with high silver contents
(Ag > 50%) the field enhancements are about two orders of
magnitude larger than for the alloy NPs with higher Au contents.
For the silver NPs with larger radius (e.g. 30 nm, Figs. 6c and 6d),
4

(a)

120

180

the intensity of the quadrupolar mode is much higher than the
maximum of the dipolar mode (not presented), and it is no
longer symmetric around the X axis in XZ plane as in the case of
smaller particle (Fig. 6b). The origin of this asymmetry is the
same as described in the previous paragraph. Further increase
of nanoparticle size to 60 nm induces the appearance of higher
order modes with lower intensities, which are also asymmetric
around the X axis in XZ plane (Figs. 6e and 6f).
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Figure 7. Polar plots of the near electric field distribution (at LSPR wavelength) around (a, b) a bare nanoparticle of 30 nm radius, (c, d) near the core of a core@SiO2 NP
of 30 nm core radius and 30 nm shell thickness, and (e, f) near the shell of the same NP as (c, d). The fields are computed at a distance of 0.5 nm from the corresponding
surface (dashed circumferences on the schemes between plots indicate where was measured the electric field) Left column is for the XY plane and the right one is for
the XZ plane. The analysed compositions of the AuxAg1–x NPs are indicated in the figure.

The effect of the shell over the field distribution around alloy
NPs is analysed in Figure 7. Field enhancement polar plots are
nearly identical for a bare NP (Figs. 7a and 7b; R = 30 nm) and

for a core‐shell structure (Figs. 7c and 7d; Rc = 30 nm,
ts = 30 nm); being the LSPR predominantly quadrupolar for the
silver core and dipolar for all the other alloy cores. The only
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We have determined the near field enhancement around
AuxAg1–x and AuxAg1–x@SiO2 NPs using reliable optical
parameters and the computer code scattnlay 2.0. Our
calculations provide a detailed view of the intensity distribution
around plasmonic NPs with different configurations, useful for
optimizing those structures for near‐field applications (like
SERS, DSSCs and emission enhancements in OLEDs), where the
interactions with analyte molecules occur close to the NPs’
surface. The chemical instability of silver NPs limits their
applications, problem that is often overcome by alloying them
with a small amount of gold. However, our results demonstrate
that this solution is far from optimal because the field
enhancement around AuxAg1–x NPs is lower than that of pure Ag
NPs, depending on the gold fraction. This field enhancement is
still high enough (between 104 and 108) for utilizing them as
SERS substrates. Probably the best application of these alloy
particles would be for enhancing the light emission in OLED
devices, due to their tuneable LSPR. Finally, the red‐shift of the
LSPR is more pronounced in the near‐field than in the far‐field,
which means that it is not possible to infer the LSPR trends in
the near‐field from those in the far‐field. Hence, precise near‐
field experiments and calculations are necessary for designing
optimum plasmonic structures for near‐field applications like
SERS, DSSCs and plasmon‐enhanced OLEDs.
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